A two-phase model is proposed for describing the dynamics of a fluidized bed reactor used for polypropylene production. In the proposed model, the fluidized bed is divided into an emulsion phase and bubble phase where the bubble phase flow pattern is assumed to be plug flow and the emulsion phase is considered to be perfectly mixed. Similar previous models consider the reaction in the emulsion phase only. In this work the contribution of reaction in the bubble phase is considered and its effect on the overall polypropylene production is investigated. The kinetic model combined with hydrodynamic model in order to develop a comprehensive model for gas-phase propylene copolymerization reactor. Simulation profiles of the proposed model were compared with those of well mixed model for the emulsion phase temperature. The simulated temperature profile showed a lower rate of change compared to the previously reported models due to lower polymerization rate. Model simulation showed that about 13% of the produced polymer comes from the bubble phase and this considerable amount of polymerization in the bubbles should not be neglected in any modeling attempt.
Introduction
Fluidized-bed solid catalyzed propylene polymerization has been recognized as one of the main processes for producing polypropylene. Gas-phase polymerization of propylene in a fluidized bed has several advantages over other polypropylene production processes due to lower operating pressure and temperatures, operation without a solvent and better heat removal. A review of the published literature for gas phase olefin polymerization reaction engineering is to understand how the reaction mechanism, the physical transport processes, reactor configuration and reactor operating conditions affect the properties of the polymer product.
Fluidized bed reactors have been modeled previously as two phase reactors to describe the performance of gas-phase propylene polymerization reactors [1] . In this model, it was assumed that the reactions take place only in the emulsion phase due to the assumption that the bubbles are solid-free. McAuley et al. [2] considered the polymerization reactor to be a continuously stirred tank reactor, CSTR (well-mixed reactor). Fernandez and Lona [3] assumed a three-phase model with plug flow regime. Hatzantonis et al. [4] studied the effect of varying bubble size on the dynamic and steady state behavior of the reactor. They considered that the bubble phase was divided into N well-mixed compartments in series and the emulsion phase where polymerization takes place is perfectly mixed. In the bubble growth model, the size of each compartment was set equal to the bubble diameter at the corresponding bed height.
A flow diagram of gas-phase polypropylene production process is shown in Fig. 1 .
In this work, a dynamic mathematical model is presented to describe the kinetic behavior, production rate, temperature and concentration profile and molecular weight distribution of propylene copolymerization, in an industrial-scale gas-phase fluidized-bed reactor.
Reactor Modeling
In this study, a fluidized bed for polypropylene production comprises two phases, the emulsion and bubble phases. The bubble phase flow pattern is assumed to be plug flow while the emulsion phase Defect and Diffusion Forum Online: 2011 -04-20 ISSN: 1662 -9507, Vols. 312-315, pp 1079 -1084 doi:10.4028/www.scientific.net/DDF.312-315.1079 © 2011 is considered to be completely mixed. In addition, following assumptions made in developing the equations of the model:
• Polymerization takes place in the bubble and the emulsion phases.
• Mass and heat transfer resistances between the gas and solid polymer particles in the emulsion phase are negligible ( small catalyst particles and low to moderate catalyst activity) [5] . • Radial concentration and temperature gradients in the reactor are negligible.
• Catalyst is fed continuously into the reactor.
• Particles are assumed to have a constant uniformly distributed size. Reactions Kinetics. In this study, an extensive mechanism is considered to describe the copolymerization kinetics of propylene and ethylene over a Ziegler-Natta catalyst with two catalyst active sites and different rates of formation, initiation, propagation and chain transfer for each type of site based on the kinetic model proposed by McAuley et al. [2] . In this work, due to the assumption of impurities-free gases feed poisoning reactions have been neglected. The method of moments was used to predict the polymer properties such as molecular weight, monomer concentration and polymer production rate as well [6] . The rate of reaction for each component, assuming the monomers are mainly consumed through the propagation reactions, was obtained from McAuley et al., [2] :
According to this model, the overall rate of polymer production can be calculated from:
Process Hydrodynamics. In this work, the dynamic two-phase flow structure of fluidized beds, proposed by Cui et al. [7] , was used to calculate a better estimation of the average bed voidage. The constants of Cui et al. [7] correlations were selected for polypropylene Geldart B type particles, produced in the reactor. A dynamic two-phase model was adopted for estimating the void fractions of the bubble and the emulsion phases. So far, most previous work have considered the simple two phase concept for modeling the gas-phase olefin polymerization (e. g., [1, 4] ), in which it is assumed that all gases in excess of that required for minimum fluidization pass through the bed as solid free bubbles while the emulsion stays at minimum fluidization conditions. It was further assumed that, there are no catalyst particles in the bubbles and the reactions considered to occur only in the emulsion phase. In a real fluidized bed however, the concentration of particles in the emulsion phase can be less than that at minimum fluidization and the bubbles can contain various amounts of particles. Consequently, the dynamic two-phase model, which considers the progress of the reaction in both the bubble and the emulsion phases, will result in a better estimation of the reactor behavior [8, 9] . In this model the proposed hydrodynamic correlations by Lucas et al. [10] , Kunii and Levenspiel, [11] , Hilligardt and Werther, [12] and Cui et al., [13] have been used [9] .
Model Equations. Based on the model assumptions, monomers and hydrogen mass balances in the bed are given by the following equations: For the bubble phase: 
In this case the direction of mass transfer is assumed to be from bubble to emulsion phase. Furthermore, the energy balances can be expressed as: For the bubble phase: 
The direction of heat transfer is assumed to be from the emulsion to the bubble phase. In order to solve the model equations, one has to specify the values of concentration and temperature of the materials entering the reactor. These variables are known at the inlet of the reactor:
T b,(0) = T e,(0) = T 0 (8)
Result and Discussion
The previously described process model equations were solved in Matlab using the Differential Algebraic Equation (DAE) solver with the fourth order Runge-Kutta method . Simulations were carried out at the operating conditions given in Table 1 .The fluidized bed reactor of polypropylene production was divided into a CSTR for the emulsion phase and a PFR for the bubble phase with heat and mass being exchanged between the two phases. A base set of kinetic parameters using sources in the open literature [2, 14] have been selected. Molecular weight properties of polypropylene were influenced by the propagation and chain transfer reactions and the other reactions had little influence. In this work the effects of temperature and therefore activation energies on the polymerization kinetics haven't been considered. Fig. 2 shows the evolution of the emulsion phase temperature with time. It can be noticed from this figure that the predicted polymerization temperature obtained by the new model is lower than the well mixed model results [2] . This is due to the assumption of reaction occurs in the emulsion and the bubble phases, therefore polymerization rate in the emulsion phase of present model is lower than the well mixed model (one phase model) .
The molecular weight distribution gives a general picture of the ratio of the large, medium, and small molecular chains in the resin. Fig. 3 shows the molecular weight distribution of the final product. This figure illustrates that the number and weight average molecular weight of the polymer increase rapidly at the beginning of the polymerization period and reach a constant value within less than three hours of production.
Profiles of the concentration of propylene in the emulsion and bubble phases is shown in Fig. 4 . As expected, the concentration of propylene in the bubble phase is higher (which is proportional to the consumption rate of propylene) than that in the emulsion phase. This trend is established due to the fact that the emulsion contains more catalyst. The calculations indicate that the emulsion contains about 88% of the catalyst while the bubbles carry about 12% of the catalyst introduced into the reactor. Therefore, the apparent reaction rate is higher in the emulsion than that in the bubble phase.
The calculated overall production rates of polymer in the reactor as well as the rates of production of polymer in bubble and emulsion phases in the present model, over the polymer residence time in the reactor are shown in Fig. 5 . Obviously, the overall production rate of polypropylene in the bubble phase is less than that in the emulsion phase. The reason for such behavior is that there is less catalyst presented in the bubble phase compared to the emulsion phase. The production rates of polymer in the emulsion and bubble phases are roughly 87% and 13%, respectively. Therefore, the contribution of catalyst inside the bubble phase is not negligible and should be considered in the kinetics of the model. 
Conclusion
A fluidized bed reactor model for polypropylene production using the dynamic two-phase concept of fluidization combined with proper kinetic model is presented in this study to provide a better understanding of the reactor performance. In this work the bed was divided into an emulsion phase and a bubble phase and the flow of gas was considered to be plug flow through the bubbles and perfectly mixed through the emulsion phase. Since the bubbles were considered to contain solids, polymerization reactions occur in the bubbles. The new model is able to predict essential reactor parameters such as monomer concentration profiles, polymer productivity and reactor temperature, as well as properties of the produced polymer such as molecular weight distribution. Simulation results of the proposed model were compared with that of well mixed model [2] for the emulsion phase temperature. The simulated temperature profile showed a lower rate compared to the previously reported models due to lower polymerization rate. It has been shown that about 13% of the polymer is produced in the bubble phase. This was proved to be the case for polyethylene reactors [8] .This is an appreciable amount that needs to be considered in the model and ignoring the presence of the catalyst in the bubble phase would result in significant error when modeling a fluidized bed reactor for propylene polymerization. It is the aim of this work, to validate the developed model with a pilot plant scale data. 
